is an autosomal recessive disorder caused by mutations in SMARCAL1. A frequent complication is arteriosclerosis associated with reduced elastin expression; however, the mechanism underlying the reduced elastin expression remains unknown. METHODS: Expression of transcriptional regulators of elastin (ELN) and microRNA (miRNA) regulators of ELN messenger RNA (mRNA), ELN promoter methylation, and ELN mRNA poly(A) tail length were assessed by quantitative RT-PCR, bisulfite Sanger sequencing, and the Poly(A) Tail Length Assay Kit, respectively, in unaffected developing human aortae and in an SIOD aorta. RESULTS: Comparing unaffected fetal and adult aortae, ELN precursor mRNA (pre-mRNA) levels remained nearly constant, whereas mRNA levels declined by ~10
2
-fold. This corresponded with a reduction in poly(A) tail length but not with changes in the other parameters. In contrast, compared to the unaffected fetal aortae, the SIOD aorta had 18-fold less ELN pre-mRNA and 10 4 -fold less mRNA. This corresponded with increased expression of miRNA regulators and shorter ELN mRNA poly(A) tail lengths but not with altered expression of ELN transcriptional regulators or ELN promoter methylation. CONCLUSION: Posttranscriptional mechanisms account for the reduction in ELN mRNA levels in unaffected aortae, whereas transcriptional and posttranscriptional mechanisms reduce elastin expression in SIOD aorta and predispose to arteriosclerosis.
S
chimke immuno-osseous dysplasia (SIOD, OMIM 242900) is a rare autosomal recessive multisystemic disorder caused by mutations in the SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily a-like 1 (SMARCAL1) gene (1) . SMARCAL1 functions as a DNA-dependent annealing helicase (2) that recognizes single-stranded to double-stranded DNA transitions and binds to transcriptionally active chromatin (3) . SMARCAL1 is involved in the DNA stress response (4, 5) , the reactivation of stalled replication forks (6) (7) (8) , and the modulation of gene expression (3) . Key manifestations of the disease include growth failure due to spondyloepiphyseal dysplasia, renal failure due to focal segmental glomerulosclerosis, T-cell immunodeficiency, facial dysmorphism, and hyperpigmented macules (9) . Approximately 50% of SIOD patients also develop vascular disease (10) , and the vascular complications are refractory to treatment and a common cause of death (11) .
The vascular disease in SIOD manifests as migraine-like headaches, transient ischemic attacks, and cerebrovascular accidents (11) . The arterial histopathology shows intimal and medial hyperplasia, smooth muscle cell hyperplasia, and fragmented and disorganized elastin fibers (10, 12) . Molecular studies suggest reduced elastogenesis (10) ; however, the mechanism underlying this remains unknown.
Elastin, which is critical for the development and maintenance of the arteries (13, 14) , confers the elastic recoil properties required for the proper function of the arteries as well as other load-bearing tissues such as the skin, intestines, and lungs and has signaling capabilities in addition to being a structural protein (14) . Mouse models deficient for elastin die shortly after birth due to arterial obstruction, and mouse models haploinsufficient for elastin (Eln) exhibit hypertension and alterations in arterial wall structure (15) . Similarly, human haploinsufficiency for elastin (ELN) causes supravalvular aortic stenosis, and elastin deficiency causes lax skin, vascular disease, and respiratory disease (reviewed in 16).
In the aorta of model organisms, elastin protein concentration increases during fetal development to a maximum just following birth and then progressively declines as it is diluted by the addition of other extracellular components (17) (18) (19) . Similarly, within the human aorta, insoluble elastin protein concentration increases during fetal development (20) and then progressively declines (21, 22) .
The developmental regulation of elastin production is predominantly posttranscriptional. Based on the study of fetal and postnatal rat lung (23) and fetal and postnatal human skin (24) , ELN precursor messenger RNA (pre-mRNA) levels remain stable despite the postnatal decline in steady-state levels of ELN messenger RNA (mRNA). Identified posttranscriptional mechanisms of ELN gene regulation include regulation by microRNAs (miRNAs) (25) (26) (27) and poly(A) tail degradation (24) .
Although ELN and its regulation have been studied for several decades, its regulation during human aorta development is largely unknown. Therefore, the aim of this study was, first, to establish the transcriptional and posttranscriptional mechanisms that regulate ELN expression in the human aorta during development and, second, to assess these mechanisms in SIOD. The transcriptional mechanisms studied include the expression of transcriptional regulators of ELN and promoter methylation of the ELN gene, as well as the expression of ELN pre-mRNA as a general readout of ELN gene transcription. The posttranscriptional mechanisms studied included the expression of miRNA regulators and poly(A) tail shortening of ELN mRNA. Since elastin expression is vastly different between the fetal and adult aortae, we hypothesized that at least one or more of these mechanisms contributes to the postnatal developmental decrease in ELN mRNA expression and that dysregulation of one or more of these mechanisms contributes to the decreased ELN mRNA expression in SIOD. We have previously shown that the relative ELN mRNA level was ~10
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2 -fold lower in the aorta of a 5-y-old boy with SIOD than in unaffected adult aortae (10) . To determine aortic ELN mRNA expression during development, we performed quantitative RT-PCR (qRT-PCR) and observed a moderate negative correlation between ELN mRNA expression and age (r S = −0.626; P = 0.004; Supplementary Figure S1 online). The relative ELN mRNA level was 10 2 -fold lower in adult aortae than in unaffected fetal aortae (Figure 1) . In contrast, the relative ELN mRNA level was 10 4 -fold lower in the aorta of the 5-y-old boy with SIOD than in unaffected fetal aortae (Figure 1) .
To determine the relative contribution of decreased ELN transcription to the decreased ELN mRNA levels in unaffected adult and SIOD aortae, we used intronic primers and qRT-PCR to measure ELN pre-mRNA levels. This showed that adult aortae ELN pre-mRNA was 1.8-fold lower than that of two second-trimester fetal aortae, whereas the 5-y-old male SIOD aorta ELN pre-mRNA was 18-fold lower than the two second-trimester fetal aortae (Figure 2) .
SIOD-Associated Alterations in Aortic Expression of Transcriptional Regulators of ELN Parallel Those Observed With Development of the Aorta From Fetus to Adult
Altered expression of transcriptional regulators is associated with the modulation of ELN expression (28) (29) (30) . We previously observed that the aorta of a 5-y-old boy with SIOD had altered mRNA levels of some positive and negative transcriptional regulators of ELN (10) . To determine if these changes were Figure 1 . Quantitative PCR of ELN mRNA expression during human aorta development. Expression data are presented as a scatterplot of the log 10 fold change in relative ELN mRNA expression in unaffected fetal (black circle) and postnatal (black diamond) human aortae. The gray diamond represents the fold change in ELN mRNA expression in the SIOD aorta as previously published (10) . The ELN mRNA levels of three technical replicates were normalized to mRNA levels of the housekeeping gene GAPDH, and the fold changes in ELN mRNA expression were calculated by dividing the normalized ELN mRNA expression levels of the sample of interest by that of the commercially obtained pooled adult human aortae sample (black star). For those fold change values of less than 1, the negative of the reciprocal was calculated as the fold change. The age is represented as the log 10 age in weeks after conception with birth (i.e., 40 wk gestation) indicated by the vertical line. SIOD, Schimke immuno-osseous dysplasia. Quantitative PCR of ELN pre-mRNA expression in fetal, adult, and SIOD aortae. Expression data are presented as a bar graph of the relative mean ELN pre-mRNA expression in fetal (n = 2), adult (n = 4), and SIOD (n = 1) aortae. Primers were designed against intron 4 of ELN to assay ELN pre-mRNA expression. The pre-mRNA levels of three technical replicates were normalized to the mRNA levels of the housekeeping gene GAPDH and plotted relative to that of the commercially obtained pooled adult aortae sample. Error bars represent 1 SD. SIOD, Schimke immuno-osseous dysplasia. 
DNA Methylation of the Aortic Proximal ELN Promoter Does Not Change With Development of the Aorta From Fetus to Adult or in SIOD
Often DNA methylation is inversely proportionate to the accessibility of the DNA to transcription factors (reviewed in Figure 3 . Quantitative PCR of transcriptional regulators of ELN during human aorta development. Positive regulators (a) SP1, (b) IGF1, and (c) TGFB1, and negative regulators (d) SP3, (e) FOSL1, and (f) FGF2 were analyzed and presented as scatterplots of relative mRNA expression in unaffected fetal (black circle) and postnatal (black diamond) human aortae. The gray diamond represents the relative mRNA expression in the SIOD aorta as previously published (10) . The mRNA levels of three technical replicates were normalized to the mRNA levels of the housekeeping gene GAPDH and plotted relative to that of the commercially obtained pooled adult human aortae sample (black star). The age is represented as the log 10 age in weeks after conception with birth (i.e., 40 wk gestation) indicated by the vertical line. SIOD, Schimke immuno-osseous dysplasia. , and therefore, promoter methylation frequently reflects transcriptional inhibition. To determine if DNA methylation contributes to the regulation of ELN, we assessed the methylation of the aortic ELN promoter (−1914 to +329 bp relative to the translation start site) of a fetal, postnatal, and SIOD aorta by bisulfite Sanger sequencing. We did not detect increased ELN promoter methylation with development or in the 5-yold male SIOD aorta (Figure 4 ).
Aortic Expression of miR-29 Family Members Does Not Change With Development of the Aorta From Fetus to Adult but Is Increased in SIOD
The relative ELN mRNA level in the SIOD aorta is 10 2 -fold lower than that in unaffected adult aortae (10); however, the above analyses of ELN transcription account for only part of the reduction in ELN mRNA levels. We hypothesized therefore that posttranscriptional mechanisms also contribute. Increased expression of the conserved miR-29 family has been shown to promote directly the degradation of ELN mRNA in development and disease (25) (26) (27) . The seed sequence that confers target specificity is identical among all family members, and three conserved miRNA response elements are present in the human ELN 3′ untranslated region (3′ UTR; Figure 5a) (26, 27) .
To determine whether there was increased expression of the miR-29 family in development or SIOD, we quantified each family member by qRT-PCR. Comparison of unaffected adult to fetal aortae detected modest changes; miR-29a-3p (accession number: MIMAT0000086) and miR-29c-3p (accession number: MIMAT0000100) levels were respectively increased 4.1-fold and 1.9-fold and miR-29b-3p (accession number: MIMAT0000681) was reduced 1.5-fold (Figure 5b-d) . In contrast, for the 5-y-old SIOD vs. unaffected adult aortae, miR29a-3p, miR-29b-3p, and miR-29c-3p levels were respectively 4-, 45-, and 8-fold higher (Figure 5b-d) .
ELN mRNA poly(A) Tail Length in the Aorta Shortens With Development of the Aorta From Fetus to Adult and in SIOD
A marker of posttranscriptional degradation or mRNA instability is a shorter poly(A) tail (reviewed in 32). Prior comparison of ELN mRNA in adult vs. fetal human skin, uterus, and lung showed that the transcripts from adult tissue have shorter poly(A) tails (24) . To determine if this also occurred in the human aorta, we compared the mRNA poly(A) tail length of ELN aortic transcripts terminating at the proximal and distal polyadenylation sites and observed that both adult ELN transcripts had shorter poly(A) tails than the respective fetal transcripts (Figure 6) . Consistent with the destabilization of ELN mRNA in SIOD, the transcripts extracted from the aorta of the 5-y-old boy with SIOD had a distal poly(A) tail length comparable to that of unaffected adult aortae and a proximal poly(A) tail length shorter than that of unaffected adult aortae (Figure 6 ). 
Mechanisms of ELN dysregulation in SIOD
Articles
DISCUSSION
We have demonstrated that both transcriptional and posttranscriptional mechanisms are associated with reduced elastin expression in an SIOD aorta and shown that this arises, in part, from the dysregulation of known mechanisms for regulating elastin expression. To our knowledge, this is the first study of these elastin regulatory mechanisms in an SIOD aorta and in developing unaffected human aortae. Prior studies of elastin protein concentration (21, 22) and ELN mRNA levels (33) in the human aorta found that both decrease postnatally with age. To define this developmental decline in elastin better, we characterized aortic ELN mRNA expression during fetal development and postnatally. The prenatal expression of ELN mRNA was stable (rs = −0.368; P = 0.161) from late first trimester through the third trimester of gestation. This pattern is consistent with prior histological studies showing initial deposition of extracellular aortic elastin in the latter half of the first trimester (34) and increasing total deposition throughout prenatal development (20) . For the fetal aorta, therefore, the increasing deposition and concentration of insoluble elastin arises from the accumulation of elastin protein and the continued high expression of ELN mRNA.
Compared to the levels of aortic ELN mRNA during fetal development, we found markedly lower levels of ELN mRNA in the postnatal aorta. Similar to findings in other tissues (24) , our quantification of ELN pre-mRNA in human fetal and adult aortae demonstrated only a 1.8-fold decrease in adult ELN transcription. Consistent with this steady transcription of ELN, we did not detect marked changes in the mRNA levels of known ELN transcriptional regulators or in methylation of the proximal ELN promoter. We conclude, therefore, that as in other tissues, the postnatal reduction in aortic ELN mRNA levels arises via posttranscriptional mechanisms.
Both miRNAs and a shortened poly(A) tail contribute to the decreased postnatal levels of ELN mRNA in other tissues or organisms (reviewed in 35). In contrast to mice (26), we did not observe a marked increase in the miR-29 family of miRNAs in adult human aortae; this might reflect a species-specific difference or be a result of the number of samples or time points we tested. On the other hand, consistent with increased ELN mRNA degradation, both the proximal and distal poly(A) tails of ELN mRNA were shorter in adult aortae than that in fetal aortae; this agrees with findings in other elastin-rich human tissues (24) and affirms decreased ELN mRNA stability as a factor underlying the reduced postnatal levels of ELN mRNA in the aorta.
In contrast to ELN mRNA regulation during the development of unaffected aortae, both transcriptional and posttranscriptional mechanisms contribute to the markedly decreased levels of ELN mRNA in the SIOD aorta. The markedly decreased ELN pre-mRNA levels define a reduction in ELN transcription that is not attributable to the altered expression of known ELN transcriptional regulators or to the methylation of the proximal ELN promoter; consequently, other transcriptional regulatory mechanisms such as chromatin accessibility, histone modifications, and additional transcription factors should be tested. Regarding posttranscriptional mechanisms, both increased miR-29a-3p, miR-29b-3p, and miR-29c-3p expression and accelerated poly(A) tail shortening appear to contribute to the reduced levels of ELN mRNA in the SIOD aorta. Previous gene expression studies of the same SIOD aorta compared to a pooled unaffected adult aortae sample showed that other genes targeted by miR-29 in human elastin-rich tissues were not substantially altered, such as COL1A1 (fold change = 1.39; P = 0.019) and COL3A1 (fold change = 1.35; P = 0.0017), but other genes were decreased as expected, such as VEGFA (fold change = −2.48; P = 0.019) (10); these results highlight the complexity of miR-29 regulation of mRNA levels and the ambiguity of a causal association with the reduced ELN mRNA levels. Though there was no apparent accelerated poly(A) tail shortening of the distal polyadenylation site transcript, there was substantial paucity of the transcript. This observed paucity, however, was not due to the increased miR-29 expression since all three miR-29 miRNA response elements are present in both proximal and distal polyadenylation site transcripts (Figure 6a) .
Comparison of the SIOD aorta to a developmental series of human aortae establishes the validity of our assays and allows us to hypothesize whether the processes underlying the reduced levels of ELN mRNA in SIOD aorta are dysregulated developmental mechanisms or pathologic mechanisms unique to SIOD. The reduced transcription of ELN and the increased expression of the miR-29 regulators of ELN mRNA are pathologic processes unique to SIOD. In contrast, the more severe shortening of the poly(A) tails suggests dysregulation of a developmental process for regulating aortic ELN mRNA levels.
The deficiency of the multifunctional SMARCAL1 annealing helicase could lead to the ELN gene dysregulation in the aorta Figure 6 . Poly(A) tail length analysis of ELN mRNA in fetal, adult, and SIOD aortae. (a) A schematic of the primer design for the analysis of ELN mRNA transcripts terminating at its two polyadenylation sites. The forward primer I and universal reverse primer assay transcripts terminating at both the proximal and distal polyadenylation sites, whereas the forward primer II and universal reverse primer assay transcripts terminating at only the distal polyadenylation site. A gene-specific control PCR with each of the forward primers and corresponding reverse primers was conducted to ensure that the forward primer specifically bound the ELN mRNA 3′ UTR. The relative positions of the miR-29 miRNA response elements (MREs) are also indicated in the schematic. (b) Poly(A) tail products (top) and gene-specific controls (bottom) for the proximal and distal (left) and distal only (right) poly(A) tail assays. +, reverse transcription; −, no reverse transcription negative control; bp, base pairs; CDS, coding DNA sequence; MW, molecular weight; SIOD, Schimke immuno-osseous dysplasia; 3′ UTR, 3′ untranslated region. Articles in the following ways. SMARCAL1 could alter the local structure of DNA thereby promoting or inhibiting the transcription of specific genes via a direct effect of SMARCAL1 deficiency on the gene of interest (e.g., ELN) or from an indirect effect of SMARCAL1 deficiency on upstream pathways (e.g., increased expression of miR-29 family members, altered expression of the pathway regulating ELN poly(A) tail length, etc.). We hypothesize that SMARCAL1 deficiency mediates these effects by altering the epigenetic landscape as a consequence of its role in the DNA damage response (4, 5) and replication fork restart (6) (7) (8) . Replication fork stalling is associated with epigenetic instability (36); consequently, if SMARCAL1 replication fork stalling occurred near ELN or key regulators of ELN and ELN mRNA stability, the resulting epigenetic changes might produce the pathogenic gene expression alterations observed in the SIOD aorta.
In the context of dissecting the mechanisms by which SMARCAL1 deficiency alters transcriptional and posttranscriptional mechanisms of ELN mRNA regulation, we evaluated cultured skin fibroblasts and knockout mice as model systems. Although cultured dermal fibroblasts are frequently used as a model for elastogenesis (37, 38) , cultured primary dermal fibroblasts of SIOD patients did not consistently manifest markedly lower ELN mRNA levels compared to agematched controls (Supplementary Figure S3 online) . Also, the ELN mRNA levels did not correlate with whether the SIOD patient had vascular or lung disease. Similarly, knockout mice showed no consistent difference in ELN mRNA levels (data not shown). The Smarcal1 knockout mouse might not have manifested vascular disease or marked dysregulated elastogenesis for several reasons. First, SMARCAL1 homologues are proteins that recognize DNA structure rather than DNA sequence, and the altered chromatin landscape in mice might lead to different gene targets of Smarcal1 deficiency and therefore not lead to Eln gene dysregulation. Second, humans are exquisitely prone to vascular disease and sensitive to elastin deficiency, whereas wild-type mice are resistant to vascular disease and only develop vascular disease with defined genetic modifications (39, 40) . These biological differences might explain why we were unable to detect a molecular phenotype in the mice. The cultured primary dermal fibroblasts of SIOD patients also did not exhibit dysregulated elastogenesis, which we hypothesize is secondary to cell type-related differences since not all tissues are equally affected in SIOD; for example, patients do not have any pronounced skin manifestations, other than hyperpigmented macules (11) .
Key limitations of this study are the modest number of samples analyzed and the absence of age-matched samples for these analyses of ELN gene expression and regulation. Human aorta is a difficult tissue to collect, and SIOD is a rare disorder. However, we performed a number of hypothesis-driven targeted studies to utilize this limited resource fully and to provide as much insight as possible into the dysregulation of ELN in SIOD as well as the regulation of ELN in normal aorta development. Further studies on additional SIOD samples are required to verify these findings.
METHODS
Patients
The guardians of the patient referred to this study signed informed consent documents approved by the University of British Columbia (Vancouver, Canada). Autopsy tissues were obtained according to the protocol approved by the University of British Columbia. SD120 was a 5-y-old male SIOD patient who has been previously described (10) .
Human Tissues
In accordance with institutional policies as approved by the Institutional Review Board (41557) at the University of Washington, human fetal aortae from first-and second-trimester elective terminations were provided as de-identified specimens by the Laboratory of Developmental Biology at the University of Washington (Seattle, WA), a National Institute of Child Health & Human Development supported program. Human postmortem aortae from second-and third-trimester fetuses and a 16-and 17-y-old female were provided as de-identified specimens according to protocol H06-70283 approved by the Clinical Research Ethics Board at the University of British Columbia. The study was carried out according to The Code of Ethics of the World Medical Association (Declaration of Helsinki). Human adult aortae total RNA pooled from four unaffected individuals ranging in age from 27 to 45 y was purchased from Clontech (Mountain View, CA). Sample characteristics and sample usage with respect to each figure are noted in Supplementary Table S1 online.
Dermal fibroblasts from SIOD patients were isolated and cultured from skin biopsies of the forearm. The SMARCAL1 mutations of the SIOD patients from which the dermal fibroblasts were isolated are listed in Supplementary Table S2 online. The following unaffected control dermal fibroblast cell lines were obtained from the Coriell Institute for Medical Research (Camden, NJ): GM00942 (from a 5-yold Caucasian female), GM003348 (from a 9-y-old Caucasian male), and GM05980 (from a 15-y-old Caucasian female).
RNA Extraction and Reverse Transcription
For the pre-mRNA and mRNA expression studies, total RNA was extracted from flash frozen aorta pulverized with a Bessman tissue pulverizer (Spectrum Laboratories, Rancho Dominguez, CA) and subsequently processed using the RNeasy Mini Kit (Qiagen, Toronto, Canada) according to the manufacturer's specifications. For the cultured dermal fibroblast cells, total RNA was extracted using the RNeasy Mini Kit (Qiagen). Residual genomic DNA was removed by on-column DNase I digestion (Qiagen). Reverse transcription was performed with the qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD) according to the manufacturer's specifications.
For the miRNA expression studies, total RNA including miRNA and other small RNAs was extracted from flash frozen aorta pulverized with a Bessman tissue pulverizer (Spectrum Laboratories) using the miRNeasy Mini Kit (Qiagen) according to the manufacturer's specifications.
Quantitative PCR
To analyze the expression of ELN mRNA and pre-mRNA as well as known transcriptional regulators of ELN, SsoFast EvaGreen Supermix (Bio-rad Laboratories, Mississauga, Canada) was used with the StepOnePlus Real-Time PCR System (Applied Biosystems by Life Technologies, Burlington, Canada). Expression of the housekeeping gene GAPDH was used as an endogenous control. The primer sequences are listed in Supplementary Table S3 online. Expression analyses were performed with the StepOnePlus software version 2.1 (Applied Biosystems by Life Technologies).
